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Low-energy ball milling of amorphous FgB,5Siy has been performed at temperatures between 25
and 250 °C. Primary crystallization is observed after milling at elevated temperatures, but not after
annealing at the same temperatures. Although milling at room temperature creates nucleation sites
for primary crystallization, subsequent annealing at elevated temperature does not result in
significant crystallization. Heating by ball impact and contamination by the milling tools during
milling are ruled out as the causes for crystallization. The observed behavior is interpreted to be
caused by diffusivity enhancement due to milling-produced defects19@8 American Institute of
Physics[S0003-695098)01439-9

During the past decade, formation of amorphous alloysrystallization has not been reached, and the subject remains
by mechanical alloying (MA) of elemental powder controversial. In order to reach a better understanding of the
mixtures+? and/or by mechanical grinding of a single-phaseprocess, low-energy ball milingLEBM) of amorphous
intermetallic compount!* has been investigated extensively Fe,gB;3Siy has been carried out at different temperatures, and
for a number of alloys. It has often been suggested that ththe resulting transformations have been characterized by
disordering effect of deformation favors amorphous phasesmeans of x-ray diffractiofXRD) and differential scanning
Since atomic diffusion is potentially enhanced by nonequi-calorimetry(DSC).
librium defect formation during deformation, a complete de-  Amorphous FeB,3Siy produced by Allied Metglas
scription of phase formation needs to take into account th€roducts(trade name 2605-$2wvas cut into pieces about
competition between disordering and back-diffusion towardL cn¥ in size 8 g of such material were sealed in a stainless-
equilibrium (see, e.g., Ref.)6 In amorphous phases, if the steel vial with stainless-steel bal4:1 ball-to-sample ratjo
latter dominates, milling-enhanced crystallization is ex-in an argon atmosphere and comminuted using a SPEX 8000
pected. mixer/mill for 1 h toform flake-shaped particle$ g of the

Few authors have reported on crystallization of amor+esulting powder were used as starting material for each sub-
phous alloys during mechanical grinding. Trudestal.”®  sequent anneal or LEBM run at room temperature, 200 °C, or
first reported that high-energy ball milling of Fe-based amor-250 °C. LEBM was carried out in a vibrating-frame grinder
phous alloys caused their crystallization, a process referredFRITSCH Pulverisette )0 The vial was evacuated to below
to as mechanical crystallization. Bansatlal® argued that 102 Torr using a sorption pump and backfilled with purified
this observation was a result of impurity incorporation dur-argon gas to a pressure above 150 kPa, kept by a continuous
ing milling, and not intrinsic to the deformation. Huang argon supply during milling. In contrast to high-energy mills,
et al1® reported mechanically induced crystallization during heating of the powder by ball impact in this grinder is esti-
cryogenic ball milling of FesB,3Siy metallic glass and sug- mated to be less than 1 9¢ so that the temperature uncer-
gested heating as a cause for enhanced crystallization kingginty is =1 °C. To minimize gaseous contamination, each
ics. Heet al!*! reported deformation-induced crystallization sample was obtained in a continuous, uninterrupted run.
in several Al-based metallic glasses. The authors showed th&amples were annealed in a Ti-gettered inert-gas furnace af-
nanocrystallites formed in shear bands induced by bendind€r purging the atmosphere for an extended time.
and judged heating effects to be unlikely. Although the  XRD measurements were performed in a Rigaku diffrac-
mechanism has not been explained in detail, observed coremeter with monochromated Gl radiation generated by
positional changes accompanying crystallizatfomdicate  a rotating-anode source. Thermal analysis was performed in
long-range atomic interdiffusion. An unexplained cyclic @ Perkin ElImer DSC-7 under flowing purified argon. A sec-
transformation between the amorphous and crystalline sta@nd run under identical conditions was used to determine the
in ball-milled Co—Ti alloys has been reported by El Eskan-baseline after each run. The chemical composition was ex-
daranyet al*® To date, a full understanding of mechanical amined for several typical samples using inductively coupled

plasma emission spectroscodZPES.
dpermanent address: Institute of Metal Research, Chinese Academy of Sci- In. Fig. 1(a), r_epr.esentatlve examples of XRD p'.at.tems
ences, Shenyang, 110015, People’s Republic of China. are displayed for initially amorphous samples after milling at
P Corresponding author. Electronic mail: atzmon@umich.edu 250 °C for different times. Note the gradual appearance of a
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FIG. 3. DSC scans at 10 °C/min for samples milled or annealed at 250 °C.
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for different times or annealed at 250 °C for 240 h. For all
samples, three exothermic reactions are observed in the tem-
perature range of 100—600 °C at a heating rate of 10 °C/min.
A typical example is shown in Fig. 4, together with Pearson-
function fits'® to the three peaks. The following transforma-
tions have been associated with similar peaks observed for
the as-received alloy? a broad peak around 400 °C results
bcc phase, but no other crystalline phase. Similar resultffom relaxation, and sharper peaks at 520 and 545 °C result
were also observed for milling at 200 °C. In contrast, com-from primary crystallization of an Fe-rich bcc phase and
plete thermal crystallization of this alloy results in the for- transformation of the remaining amorphous matrix to
mation of a-Fe(Si) and FgB.* For comparison, diffraction -Fe(Si) and FeB, respectively. In our milled samples, a
patterns obtained after milling for 80 h at room temperaturecombination of XRD and DSC indicates that the first two
and 200 °C are presented in Figb}, and after annealing for DSC peaks are associated with the formation of the primary
240 h at 250 °C in Fig. (). The full width at half maximum  bcc phase only. For samples milled at room temperature, the
(FWHM) of the most intense diffraction peak is displayed infirst peak constitutes as much as 55% of the total heat re-
Fig. 2 for alloys annealed or milled at different temperatureslease. This suggests that milling introduces heterogeneous
Since this peak consists of a contribution from the amornuclei or nucleation sites, resulting in a lowering of the tem-
phous phase and tti210) peak of the bcc phase, the FWHM perature at which primary crystallization takes place upon
is a qualitative measure of the amorphous fraction of the subsequent heating.
alloy. It is observed to decrease with time, at a rate which is  In Fig. 5, the total integrated heat release obtained from
observed tda) increase with increasing temperature, &d  the DSC scans is displayed as a function of time for samples
be enhanced by milling as compared to annealing at the sammilled or annealed at different temperatures. The contribu-
temperature. tion to the signal by relaxation and grain growth in an ini-
The initial sample and representative samples milled atially present crystalline phase are known to be small, and
room temperature and 250 °C were analyzed by ICPES. Erthe heat release is dominated by the transformation of the
richment in Fe, the main contaminant, is below the detectioramorphous phase into the final crystalline product. The
limit, <0.1 at. %. This indicates that contamination by weartrends in Fig. 5 are similar to those displayed by the FWHM
debris during LEBM is insignificant, unlike for high-energy (Fig. 2). The short-time anomalous increase of the heat re-
ball milling® (e.g., SPEX 8000 Therefore, Fe incorporation lease at 200 °C in Fig. 5 is unexplained, because its magni-
is ruled out as a cause for crystallization. tude, 2.2 kJ/mole, cannot be accounted for by relaxation of
Figure 3 displays DSC scans for alloys milled at 250 °Cmilling-induced defects. We note that only the evolution of
the low-temperature DSC peak depends on the milling tem-
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FIG. 1. XRD patterns for amorphous 4B,5Siy after milling (a) at 250 °C

for different times,(b) for 80 h at room temperature and 200 °C) after
annealing at 250 °C for 240 h.
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FIG. 2. FWHM of the most intense XRD peak as a function of time for

different milling (A, O, A) or annealing ®) temperatures. FIG. 4. Sample DSC scan with fits for sample milled for 240 h at 250 °C.
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FIG. 5. Total heat release in DSC as a function of milli@y, O, A) or
annealing(®) times at various temperatures. This work was funded by the U.S. National Science
Foundation, Grant No. DMR-9500617.
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